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Sulfur deficiency in Indiana soybean [Glycine max (L.) Merr.] production may be an 
underrated yield-limiting factor.  As environmental standards for air quality have increased, 
the amount of atmospheric sulfate deposited on Indiana soils has fallen dramatically.  As 
soybean yields continue to rise and remove more sulfur from fields with each harvest, the 
need for applications of sulfur-containing fertilizers increases.   The likelihood of seeing a 
soybean yield response to sulfur applications is greatly influenced by climate and site factors 
associated with soils.  Applications of ammonium sulfate (AMS) were made at 65 sites 
across Indiana in 2018 to measure the yield response to sulfur fertilization.  Seven of the sites 
had multiple replications of the control and sulfur treatments and at the other 58, treatments 
were unreplicated. AMS was applied at 100 pounds per acre in strips, equivalent to 24 
pounds of sulfur per acre.  In addition to yield, several variables were measured, including: 
planting and harvest dates, previous crop, irrigation, precipitation, solar radiation, 
temperature, tillage, seeding rate, row width, soil organic matter, and cation exchange 
capacity.  Yield response to AMS at sites with replicated treatments averaged 2.7 bushel per 
acre.  Results from all 65 locations yielded an average of 1.4 bushel per acre increase from 
applications of 100 pounds of AMS per acre.  It costs $5.16 on average to apply 100 pounds 
of AMS.  The value of the yield increase found through this study is three to five-fold the 







During Pioneer Customer Agronomy Meetings in the winter of 2017, growers in 
northwest Indiana began asking about the value of sulfur applications in soybean [Glycine 
max (L.) Merr.].  Much of this conversation was attributed to yield response studies 
following sulfur applications done in Lacrosse, IN the two prior growing seasons. Lacrosse is 
known for its sandy soils.  This one-location study evaluated the impact of sulfur by fertilizer 
source and application timing (Casteel, 2017).  Broadcasted ammonium sulfate (AMS) netted 
the highest yield response.  At an application rate of 20 pounds sulfur per acre, an average 
increase of 13 bushels per acre was achieved.  Given the yield impact in this study, Pioneer 
agronomists across the state of Indiana were interested in replicating a similar trial on a 
broader scale.  The purpose was to evaluate the response to sulfur across all soil types, not 
just those with low organic matter or high sand content (M. Gumz, personal communication, 
email message, 2018).  
 
Sulfur’s Role in Soybean Production 
Sulfur and crop physiology 
Sulfur is the fourth-most nutrient taken up by plants behind nitrogen, potassium, and 
phosphorus.  It is taken up in the sulfate form by plants.  Sulfur is essential for protein 
synthesis, nitrogen fixation, and chlorophyll production (Hitsuda et al., 2008).  It is a 
component of plant hormones, vitamins, and enzymes.  Less than one-third of soybean total 
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sulfur uptake occurs during vegetative growth (Bender et al., 2015).  The rate of sulfur 
uptake greatly increases upon reproduction (Figure 1).  Peak uptake occurs between full 
flower and full pod (Figure 2).  As the plant transitions to beginning seed (R5) and continues 
through seed fill, the soybean crop continues to uptake more sulfur and remobilize it from 
other parts of the plant. 
 
Figure 1.  Sulfur uptake rate (pounds per acre per day) by soybean growth stage (Gaspar and 
Conley, 2017). 




Figure 2.  Total sulfur uptake (pounds per acre) by soybean growth stage (Gaspar and 
Conley, 2017). 
 
Sources of sulfur  
Sulfur is available to plants by several sources:  mineralization, atmospheric 
deposition, manure applications, and fertilizer applications (Fernandez, 2010). Sulfur is 
mineralized from organic matter at a rate of approximately three to five pounds of plant 
available sulfur per year for every percent of soil organic matter (Kaiser and Vetsch, 2020).  
Atmospheric sulfur deposition has been on the decline in Indiana since the 1990 Clean Air 
Act Amendments (Figure 3). Prior to efforts by the EPA to decrease sulfur dioxide pollution, 
Indiana soils were rarely found to be sulfur deficient (Camberato and Casteel, 2017).  The 
lack of “free” sulfur that used to fall on farmer’s fields is becoming more evident.  Farmers in 
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Indiana receive about 16 kilograms per hectare or 14 pounds per acre less sulfate than they 
did thirty years ago.   
 
Figure 3. Sulfate ion wet deposition (kilograms/hectare) maps for 1986 and 2016 (National 





 The amount of atmospheric sulfur deposition is not the only item that has changed in 
the last thirty years with respect to soybean production.  The national average yield for 
soybeans in 1991 was 34.2 bushels per acre (USDA, 2020).  As breeders and farmers 
continue to push the yield ceiling of soybean production, they are removing significantly 
more nutrients from the soil (Figure 4).  A 35 bushel per acre soybean crop will remove 
about seven pounds of sulfur with the grain.  Another six pounds of sulfur per acre will 
remain in the field from the soybean stover.  As soybean producers realize greater yields, the 
amount of sulfur that is taken off the field continues to increase.  Outside of sulfur-containing 
fertilizers, manure is an excellent source of sulfur.  The challenge however is access to 
manure as diversified crop and livestock operations are on the decline (Boring, 2010).  Less 
atmospheric deposition coupled with rising soybean yields has resulted in a rise of sulfur-




Figure 4.  Historical US soybean yield in bushels per acre (USDA, 2020). 
   
 
Figure 5.  Historical percent of Indiana soil samples with low sulfur values (A&L Great 
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Sulfur in Soil 
An acre furrow slice of soil contains nearly 100 pounds of organic sulfur for every 
percent of soil organic matter (Camberato and Casteel, 2018.)  However, this organic form of 
sulfur is not plant available.  It must undergo mineralization, which is driven by 
microorganisms.  Just like the mineralization of nitrogen, this is a slow process in cool and 
wet conditions.  No-till, reduced till, and high yields, leading to additional surface residues 
contribute to reduced mineralization early in the growing season (Sawyer and Barker, 2002).  
Once elemental sulfur is mineralized into the negatively charged ion sulfate, it is plant 
available.  Sulfate is similar to nitrate in that it is mobile in the soil water front.   
Sulfur Testing 
Severe deficiency symptoms include stunting and interveinal chlorosis in the new 
growth (Figure 6).  It is common to see stunted growth or a pale green in fields exhibiting a 
sulfur deficiency.  In mild deficiency cases, these visual symptoms are less-apparent and the 
deficiency may go unnoticed.  Deficiency symptoms may be yield-limiting, but to what 




Figure 6.  Soybeans without sulfur and with 20 pounds sulfur per acre (Camberato and 
Casteel, 2017).   
   
Tissue testing is an effective method for diagnosing the severity of a sulfur 
deficiency.  As previously stated, mild sulfur deficiencies may go unnoticed.  This is 
especially true if the deficiency is consistent across an entire field.   
Sulfur is immobile within the plant.  It cannot translocate sulfate to new tissues.  In a 
sulfur-sufficient plant, sulfur will be found in greatest concentrations at the top of the plant 
(Figure 7).  In contrast, at the top of the canopy, a sulfur-deficient plant will have lesser 
sulfur concentrations. (Hitsuda et al., 2004).  In deficient plants, sulfur will be found at 







Figure 7.  Sulfur concentration of soybean leaves from sufficient and deficient plants by leaf 
position from the top of the canopy (Hitsuda et al., 2004). 
      
Soil testing is not as beneficial for sulfur as it is for many other plant nutrients 
(Franzen, 2018).  Again, much like nitrogen, the plant available form of sulfur fluctuates 
throughout the season.  A fall soil sample will not accurately reflect the amount of sulfur 
available to the plant for the next growing season.  Soil sampling for sulfur even in season 
will only reflect how much sulfate is in the soil, not accounting for the organic sulfur.  Just as 
soil sampling for nitrogen highly variable, the same can be said of sulfur.  Sulfur sample 
results over an extended outlook however are beneficial to understand directional trends. 
 
 Sulfur-containing fertilizer applications 
Sulfur applications are typically made prior to planting or early in the growing 
season.  In corn, it is not uncommon for a sulfur containing fertilizer be applied at side dress.  
Ammonium sulfate (AMS) and ammonium thiosulfate (ATS) are the two most frequently 
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sulfur, but AMS and ATS are the most readily available (Figure 8).  Sulfur applied in its 
elemental form requires it to be converted to sulfate by soil bacteria before plants can begin 
to use it.  When making applications of elemental sulfur, one should allow for at least two 
months before plant uptake can begin (Vitosh et. al, 1995). 
 
Figure 8.  Fertilizer sources of sulfur (Schulte and Kelling)  
Fertilizer Analysis Percent Sulfur 
Ammonium sulfate 21-0-0 24 
Ammonium thiosulfate 12-0-0 26 
Magnesium sulfate 0-0-0 14 
Ordinary superphosphate 0-20-0 14 
Potassium magnesium sulfate 0-0-22 23 
Potassium sulfate 0-0-50 18 
Calcium sulfate (gypsum) 0-0-0 17 
Elemental sulfur 0-0-0 88-98 
 
Sulfur management 
Reduced atmospheric sulfur deposition, combined with limited access to manure, is 
resulting in more sulfur deficient fields.  On a three percent organic matter soil, one could 
expect:  nine to 15 pounds of sulfur from mineralization and 15 to 20 pounds per acre of 
sulfur from atmospheric deposition in 1980.  This would meet the demand of a 70 bushel per 
acre soybean crop (Figure 9).  The Tri-state Fertilizer Recommendations as recently as 1995 
stated that “most soils in Indiana, Michigan, and Ohio will adequately supply needed sulfur 
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for plant growth.” (Vitosh et. al, 1995).  However, since this publication, the decrease in 
atmospheric deposition of sulfate is likely resulting in sulfur as a yield-limiting factor in 
many Indiana soybean fields. 
 
Figure 9.  Sulfur uptake (pounds per acre) by yield level (Manjula, 2006). 
 Sulfur in grain Sulfur in stover Total sulfur uptake 
50 bu/a 10 13 23 
70 bu/a 14 18 32 
 
CHAPTER 2 
MATERIALS & METHODS 
Study Design 
In total, 65 locations participated in this study across the state of Indiana in 2018.  Of 
the 65, seven locations had multiple replications of each treatment.  This enabled statistical 
analysis of the seven locations, segregated from the other locations to clearly understand 
sulfur’s impact on yield.  The remaining 58 locations had one untreated check and one 
treatment strip.   
Cooperators were to apply at least three strips of 100 pounds per acre AMS within 
two weeks of planting.  A rate of 100 pounds per acre of AMS supplies 24 pounds of sulfate-
sulfur.  The AMS strips were to be wide enough for one full combine header pass during 
harvest.  Harvest yield data were recorded either by yield monitor or weigh wagon.  In order 
to isolate the response to AMS, all other management of strips was kept the same.   
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Figure 10.  Example of site with replicated treatments.
   
 








 For the seven locations that had replicated treatments, a location by treatment analysis 
was completed using a combined analysis of variance and treating location as a fixed effect. 
The goal of this analysis was to determine if a location by sulfur interaction occurred and to 
ascertain if any meaningful inferences about location characteristics could be inferred from 
it.   
 Data from all locations were analyzed using a randomized complete block analysis 
where locations were treated as blocks and considered random. The goal of this analysis was 
to determine if the results from the previous analysis were more generally observed across 
the all locations.  With 65 locations spread across the state, there was an opportunity to 
collect a wide array of data on different variables.   
 Finally, all quantitative data collected were evaluated in a regression analysis to 
determine the relative importance of sulfur fertilization to other yield determining factors.  
All statistical analyses were conducted using SAS 9.4 (SAS, Inc. Cary, NC). Analysis of 
variance was performed using the MIXED procedure and regression was done using the REG 
procedure using the STEPWISE option. All tests of significance were made at the 0.05 




At the replicated sites, AMS treatment resulted in an average yield of 75.9 bushels per 
acre, while the untreated control averaged a 73.2 bushels per acre (Figure 12).  This netted a 
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yield difference of 2.7 bushels per acre, attributed to the application of AMS which is 
significant at 0.05. 
 
Figure 12.  Sites with replicated trials: mean location yield and yield by treatment of all 
seven sites. 
 
 There was a wide range in yield across the seven locations with replicated treatments.  
Independent of location, sulfur significantly increased yield at all of them.  Given the varying 
levels in yield by location, one can infer that variables other than sulfur contribute much 




















Figure 13.  Soybean yield by treatment of all experimental locations.
 
A combined analysis of variance across all 65 locations was used to discern the 
treatment difference (Figure 13).  In this analysis, location was used as the blocking factor.  
Treatments that received sulfur had a 72.4 bushel per acre average yield.  Whereas those left 
untreated had a 71.0 bushel per acre average yield.  Across all locations, the impact of the 
sulfur treatment was 1.4 bushel per acre which is significant at 0.05.  55% of locations had a 































Figure 14.  Yield response to sulfur application for all 65 locations in Indiana. 2018. 
 
The relative mean difference in response to sulfur application over all 65 locations 
was 1.3 bushel per acre.  The sites with replicated strips had nearly twice the response to 







































Yield response to sulfur by location
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Figure 15.  Location of the seven sites with replicated treatments and the average location 
yield. 
 
Stepwise regression was used to identify variables other than sulfur that were useful 
for predicting yield.  A stepwise selection regression model left out applied sulfur as being 
important for yield prediction.  The four variables determined to have the greatest impact on 
yield were soil organic matter (r2= 0.13), minimum average temperature (r2= 0.12), planting 
date (r2= 0.05), and cation exchange capacity (r2= 0.05).  These four variables accounted for 
33% of the variability in yield that was observed among locations.  As one might expect, 









Agronomic Impact of Other Variables on Yield 
Soil organic matter 
Soil organic matter had the strongest relationship to yield.  2018 had excellent 
conditions for nitrogen and sulfur mineralization (Figure 16).  The month of May was 
especially warm (NOAA, 2020).  Soils with greater amounts of organic matter produced 
higher yields than those with lower values (Figure 17).  These soils likely heated up faster 
and mineralized more sulfur and nitrogen than those with low organic matter values.  78% of 
sites were not tilled. 
 





Figure 17.  Average location yield by percent soil organic matter from 65 sites in Indiana 
where soybeans were fertilized with ammonium sulfate. 2018. 
 
 
Cation exchange capacity 
Cation exchange capacity was also modeled to predict soybean yield (Figure 18).  My 
interpretation of this was opposite of SOM, due to its negative parameter estimate.  This 
means that the lower the CEC the more it was associated with yield.  This seems 
counterintuitive as low CECs are typically associated with low soil organic matter values.  
Upon plotting the CEC values with each site’s yield, there seemed to be a neutral to positive 
correlation as CEC increased.  This trend is consistent with expectation for being associated 
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Figure 18.  Average location yield by cation exchange capacity from 65 sites in Indiana 
where soybeans were fertilized with ammonium sulfate. 2018. 
  
 
Average temperature minimum 
Average temperature minimum for the growing season had the second greatest influence on 
yield (Figure 19).  One could interpret this as a geographic influence.  The negative 
parameter estimate means that fields with cooler average minimum temperatures had higher 
yields. My conclusion is that the lower temperature limited plant respiration.  However, when 
plotting the yield data by average minimum temperature, there seemed to be a neutral to 
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Figure 19.  Average location yield by average minimum temperature from 65 sites in Indiana 
where soybeans were fertilized with ammonium sulfate. 2018. 
 
 
Planting Date  
Through stepwise regression, planting date was revealed to have a relationship with 
yield as well (Figure 20).  Given that it had a negative parameter estimate, the earlier a field 
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Figure 20. Average location yield by planting date from 65 sites in Indiana where soybeans 
were fertilized with ammonium sulfate. 2018. 
 
This is in alignment with my analysis of trials outside of the scope of this study 
(Figure 21).  Approximately one-third of a bushel per acre was lost for every day planting 
was delayed.  These data were based on 153 locations. 























Yield by Planting Date
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Figure 21.  Soybean yield by 2018 planting date in Pioneer trials across Eastern Illinois, 




The average cost of AMS per ton for northwest IN is $12.80-13.50.  Flat rate 
application costs per acre are $4.00-5.00 per acre.  The protocol for this trial called for an 
application rate of 100 pounds per acre.   The total cost is $4.68-5.64 per acre.  The average 
price received by farmers for November 2018 delivered soybeans was $8.36 per bushel 
(USDA, 2020).  This was the market low for 2018.  In order to cover the cost of application, 
a grower needed to realize a yield benefit of 0.6-0.7 bushels per acre.  Across all locations, a 
1.4 bushel per acre increase resulted in a profit of $6.06-7.02.  At sites with replicated 







Sulfur deficiency in Indiana soybean production is an underrated yield-limiting 
factor.  Across 65 locations, applications of AMS demonstrated a 1.4 bushel per acre 
increase.  The cost to make an application of AMS at 100 pounds per acre is cost effective.  
The likelihood of an application being profitable is high.   
With higher standards for air quality, the amount of atmospheric sulfate has decreased 
drastically.  In conjunction with higher yields and in turn greater crop removal rates of sulfur, 
the assumed gap between current Indiana soil sulfur levels and sufficiency levels for 
soybeans is real.  Yield response to sulfur-containing fertilizers like AMS support this 
hypothesis. 
Results of this research indicate that Indiana soybean producers can expect 
consistently small but economic improvements in grain yield by applying sulfur fertilizer.   
This study was conducted across the entire state of Indiana and the diversity of crop 
management practices well-encompasses many of those utilized today.  Given the yield 
increases at both replicated and strip-trial sites, applying sulfur is a profitable option for 
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APPENDIX A  
A.1 Analysis of variance for soybean yield in response to S fertilization at seven 
locations. 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
Location 6 2 102.14 0.0097 
Treatment 1 22 6.48 0.0184 
Location*Treatment 6 22 0.88 0.5278 
 
Least Squares Means 
Effect Location Treatment Estimate Standard 
Error 
DF t Value Pr > |t| 
Location A   55.6500 1.6009 2 34.76 0.0008 
Location B   81.3667 1.3071 2 62.25 0.0003 
Location C   54.5000 1.1320 2 48.14 0.0004 
Location D   82.5833 1.3071 2 63.18 0.0003 
Location E   84.5000 1.3071 2 64.64 0.0002 
Location F   80.1750 1.6009 2 50.08 0.0004 
Location G   82.8750 1.6009 2 51.77 0.0004 
Treatment   N 73.1560 0.7585 22 96.45 <.0001 
Treatment   S 75.8869 0.7585 22 100.05 <.0001 
 
A.2 Analysis of variance for soybean yield in response to S fertilization across 65 
locations. 
Type 3 Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
Location 64 93 26.14 <.0001 
Treatment 1 93 7.57 0.0071 
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Type 3 Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
Least Squares Means 
Effect Treatment Location Estimate Standard 
Error 
DF t Value Pr > |t| 
Treatment N   70.9559 0.3801 93 186.65 <.0001 
Treatment S   72.3895 0.3709 93 195.18 <.0001 
 
A.3 Regression parameters selected by a stepwise procedure for soybean yield in response 







Type II SS F Value Pr > F 
Intercept 11604 6750.20924 106.55096 2.96 0.0950 
PltDate -0.26537 0.15629 103.95697 2.88 0.0989 
TAvgMin -0.99382 0.47831 155.66406 4.32 0.0456 
CEC -0.51813 0.32753 90.23671 2.50 0.1232 
SoilOM 1.07606 0.36285 317.10464 8.79 0.0056 
 
 
 
